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of energies extending between well-defined limits that
can be readily calculated from the collision kinematics.
These low-energy neutrons destroy the purity of the
neutrons from the T(d, ss)He' reaction. At some high
energy (certainly above 8.9 Mev) a similar contamina-
tion of the D(d, ss)He' reaction is probable. Thus at
high energies it will be necessary to use an associated-
particle coincidence technique" in order to perform
neutron experiments which are sensitive to low-energy
neutrons. Unfortunately, such experiments will be
complicated and the useful neutron yield will be low
when associated-particle coincidence counting is
required.

t Work performed under the auspices of the U. S. Atomic
Energy Commission.

'The proton-recoil neutron spectrometer used jn this experi-
ment was a modification of the coincidence-telescope spectrometer
described by F. L. Ribe and J. D. Seagrave, Phys. Rev. 94, 934
(1954).

s A. O. Hanson and J.L.McKibben, Phys. Rev. 72, 6/3 (1947).' In Table I and in the text where complete reactions are cited,
the bombarding particle is that symbol which occurs erst inside
the parentheses. As an abbreviation in the text and Qgures the
breakuP reactions are indicated by two symbols, the erst being
the incident particle and the second the target nucleus.

4 That the extraneous neutrons have low energy has been di-
rectly measured in the two cases pd and dt (miscellaneous un-
published work by the authors). That neutrons from dHe' and
dHe4 must have low energy is assumed from their appearance only
above a threshold, an argument which also applies to the pd and
dt cases.' F. A. Aschenbrenner, Phys. Rev. 98, 657 (1955).' T. W. Bonner and C. F. Cook, Phys. Rev. 96, 122 (1954).

r R. G. Thomas (private communication).
s N. Austern (private communication).
e Bashkin, Mooring, and Petree, Phys. Rev. 82, 378 (1951).
"Barschall, Rosen, Taschek, and %illiams, Revs. Modern

Phys. 24, 1 (1952).

Experimental Checks of the Statistical
Theory of Nuclear Reactions*

LoUIs RosEN AND LEQNA STEwART

Los Aiaraos ScieatificLaboratory, 'VNeoersity of Caleforaia,
I.os A/umos, Xnv Mexico

(Received June 6, 1955)

'HE basic features of the statistical model, "
briefly stated, are (1) validity of the compound

nucleus assumptions that (a) a nuclear reaction involves
the immediate formation of a compound state with
rapid statistical sharing of energy among all the
nucleons and (b) disintegration of the compound state
is independent of its mode of formation; (2) reduced
widths to various levels of the residual nucleus are all
the same (this gives rise to a Maxwellian-type energy
distribution for emitted particles); (3) interference
terms average out; (4) level density of the residual
nucleus is proportional to 2j+1, where j is the level

spin.
It has long been recognized that the spatial and

spectral distributions of the products of inelastic inter-
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PIG. 1. Experimental arrangement for measuring the spectral
and spatial distributions of neutrons from neutron induced re-
actions. The collimator defines a beam of neutrons only slightly
larger than the scatterer. The nuclear plates are arranged with
their axes all passing through the center of the scatterer and mak-
ing angles of 20' —150' with respect to the incident beam direction.
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FIG. 2. Cross section for the emission of neutrons
os neutron energy at 30'.

actions provide a sensitive test of the validity of the
compound nucleus concept in general and the statistical
model in particular. Furthermore, advantages of avoid-

ing the complications of Coulomb eGects argue strongly
for experiments in which both the incident and emitted
particles are uncharged.

The energy spectra of most of the neutrons resulting
from nonelastic interactions of 14-Mev neutrons with
medium weight and heavy nuclei' are in accord with
assumptions (1) and (2). However, since these experi-
ments are integral experiments they provide little in-

formation with regard to assumptions (3) and (4). To
test these assumptions, one can investigate the angular

distribution of the nonelastic neutrons.
An experiment was therefore designed to measure

the distribution in energy and angle of the neutrons

resulting from the incidence of 14-Mev neutrons on

various elements. The experimental arrangement is
indicated in Fig. 1. Thus far, data have been obtained

only on bismuth and even these are preliminary.
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FIG. 3. Angular distribution of neutrons of energy 0.5-4.0 Mev.
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FIG. 4. Angular distribution of neutrons of energy 4.0-13.0 Nt;v.

Figure 2 shows the kind of information one obtains
at each detector position. The high-energy group is
due to elastic scattering. Figure 3 shows the angular
distribution of the low-energy (0.5—4.0-Mev) neutrons.
It is seen that there is not only symmetry about 90'
)in accord with feature (3)j, but also isotropy Lin
agreement with feature (4)$.'

In contrast, the angular distribution of the high-
energy (4.0—12.0-Mev) nonelastic neutrons (Fig. 4) is
strongly peaked in the forward direction, indicative of
nucleon-nucleon interactions. An attractive way of
looking at this phenomenon is to invoke the model of
Thomas' which divides the nucleus into two regions,
an inner strong-interaction region and an outer region
where the interactions are relatively weak. It is pre-
sumably this outer region which is responsible for the
noncompound nucleus processes as indicated by the
data. The important point, however, is that only 0.2
barn out of a total inelastic collision cross section of
2.5 barns' is associated with neutrons which have
spectral and spatial distributions at variance with the
above listed assumptions. (Part of the 4—12-Mev neu-
trons have an isotropic distribution and may represent
the tail of the Maxwellian which described the low-

energy neutrons. )
In evaluating the validity of the statistical model,

one should bear in mind the following additional points:
(1) It would appear that energy distributions of low-

energy inelastic neutrons and protons may not lead to
a reliable estimate of level densities or nuclear "tem-

peratures" because, when energetically possible, the
decay of the compound nucleus presumably takes place
by the emission of more than one particle. Calculations'
show that (n, 2n) reactions have a marked effect on the
apparent nuclear "temperatures" deduced from neu-
tron energy distributions. (2) In experiments involving
charged particles, ' it would appear that the forward-
peaked angular distributions which are observed prob-
ably account for only a small fraction of the total
inelastic cross section. (3) Emission of low-energy
protons from heavy nuclei is not necessarily inconsistent
with the compound nucleus concept. Such protons may
arise when an (X,2e) reaction is energetically forbidden,
while an (X,ep) reaction is not.
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A PREVIOUS analysis of some experimental data
on photonuclear reactions led the authors' to

point out that the mean-square displacement of nu-
cleons in the nuclear ground state presents evidence in
favor of an alpha-particle structure of nuclei. Although
the theoretical basis for this conclusion is not free of
criticism —since correlations were neglected in the for-
mula for the harmonic mean energy' of photon ab-
sorption, which we used —this evidence might be
investigated experimentally in a more direct way at
higher energies.

On the other hand, the shell structure of nuclei has
been revealed, in the energy region of the photonuclear
effect, by Nathans and Halpern. ' Features of di6erent
nuclear models are expected to be presented by nuclear




